Summary The behaviors of the chloroplast FtsZ ring and outer cytosolic and inner stromal plastid dividing rings (PD rings) of chloroplast division were investigated in the higher plant Pelargonium zonale using immuno-fluorescence and electron microscopy. For these studies, we used embryonic cap cells from early embryos, in which small chloroplasts duplicate by multiple fission of a pleomorphic chloroplast. FtsZ proteins were localized to several rings at future division sites preceding contraction. FtsZ rings were found at the leading edges of the chloroplast constriction sites throughout division. In contrast, the PD rings were observed at the constriction sites after the formation of the FtsZ rings. These observations demonstrate that FtsZ rings differ from PD rings, and indicate that the FtsZ ring determines the dividing plane before the initiation of chloroplast contraction and then, in concert with the PD rings, promotes chloroplast division.
plast division and led to the formation of giant plastids (Abel et al. 1989) .
Indeed, ring structures encircling the zone of constriction, designated the PD ring, were first identified by transmission-and scanning-electron microscopy in red algae (Mita et al. 1986 . The PD rings have been detected in several species of Chlorophyta (green algae and terrestrial plants), Rhodophyta, and Chromophyta, and are thought to be ubiquitous in the plant kingdom . The PD rings consist of 3 rings, one on the cytosolic face of the outer envelope (outer ring), one on the stromal face of the inner envelope (inner ring), and one on the inner-membrane space (middle ring) (Miyagishima et al. 1998) . The outer ring is a bundle of 4-to 5-nm-wide filaments in Cyanidium caldarium RK-1 (Mita and Kuroiwa 1988, Kuroiwa et al. 1998) or 5-nm-wide filaments in Cyanidioschyzon merolae (Miyagishima et al. 2001a) , and it is thought to provide the motivating force for constriction. Isolated outer ring fractions did not contain actin or FtsZ proteins, but did contain novel proteins (Miyagishima et al. 2001a) .
The endosymbiont theory holds that chloroplasts arose from a cyanobacterial ancestor (Gray 1992) . PD rings were first uncovered as a direct result of this theory. Bacterial cytokinesis occurs through FtsZ rings, which are composed of FtsZ proteins (Bi and Lutkenhaus 1991) . FtsZ genes have been identified in the nuclear genome of numerous plant species (Osteryoung and Vierling 1995 , Osteryoung et al. 1998 , Strepp et al. 1998 , Takahara et al. 2000 . Their widespread existence indicates that chloroplast division is evolutionarily related to prokaryotic cell division, and implies that chloroplast FtsZ rings should be found in or near the inner PD ring in chloroplasts. Osteryoung et al. (1998) and Osteryoung and Pyke (1998) proposed a model in which FtsZ 1 and FtsZ2, each with or without chloroplast transit peptides, cooperate in chloroplast constriction as components of the inner stromal and outer cytosolic PD rings, respectively. However, preliminary immuno-electron microscopy revealed that FtsZ was not localized in the outer PD ring, but instead was found in the inner dividing region . Recently, Kiessling et al. (2000) described highly organized filamentous networks of FtsZ protein in whole chloroplasts of Physcomitrella patens by examining the localization of FtsZ-GFP fusion protein. In contrast, through visualization of and-FtsZ antibodies by fluorescent microscopy, FtsZ rings were observed at the dividing site in binary dividing chloroplasts of Lilium longforum (Mori et al. 2001a, b) , Arabidopsis thaliana, Pisum sativum, and Nicotiana tabacum (Vitha et al. 2001 ). Thus, further detailed studies of the localization of the FtsZ protein are required.
Because the FtsZ and PD rings appear simultaneously during binary fission in chloroplasts, it is difficult to examine the difference in timing between the formation of these rings. Duckett and Ligrone (1993) found 2 types of chloroplast division in ferns: typical multiple PD rings formed in pleomorphic chloroplasts in the vascular parenchyma, while binary fission occurred in apical meristems. To resolve this discrepancy, it is advantageous to study pleomorphic chloroplasts in which multiple PD rings appear. Plastids in embryonic cap cells divide by multiple fission after the formation of pleomorphic chloroplasts in P. zonale. The aim of our experiments is to elucidate the relationship between the FtsZ and PD rings in pleomorphic chloroplasts using immuno-fluorescence and electron microscopy. Electron microscopy Embryos were preserved in 2% glutaraldehyde buffered with sodium cacodylate (pH 7.2) and 1% osmium tetra-oxide, dehydrated through an ethanol series, and embedded in Spurr's resin (London Resin Co.). Thin sections were cut, stained with uranyl-acetate and lead citrate, and then observed using an electron microscope (JEM-1200EX, JEOL). 
Discussion
The ptFtsZ forms rings, not networks, in chloroplasts Our results demonstrate that the FtsZ proteins are localized as rings at division sites before and after the initiation of chloroplast constriction (Fig. 1) , and are consistent with recent data showing that ptFtsZ rings appear at the site of constriction in dividing chloroplasts (Mori et al. 2001a , b, Vitha et al. 2001 ). These results do not support a previous report depicting a network of FtsZ-GFP rings in whole chloroplasts (Kiessling et al. 2000) . This discrepancy may be caused by the high level of expression of FtsZ-GFP.
The FtsZ rings do not correspond to the PD rings One question currently under debate is whether ptFtsZ rings correspond to the PD rings that are observed by electron microscopy in chloroplasts of many species. There are presently two working hypotheses. The first states that, after endosymbiosis, the ancestral cyanobacteria lost its cell wall, and the FtsZ ring remained as the inner ring of the chloroplast, while the outer ring was formed for control of chloroplast division by the host genome . In contrast, a second hypothesis proposes that 2 proteins, FtsZ 1 and FtsZ2, either with or without their transit peptides, are components of the stromal and cytosolic PD rings, respectively (Osteryoung et al. 1998, Osteryoung and Pyke 1998) . While several FtsZ rings were observed by fluorescent microscopy, they could not be seen by electron microscopy at the swollen regions in pleomorphic chloroplasts (Figs. 1-3) . Similarly, in bacteria, fine structures of the FtsZ rings also could not be seen by electron microscopy (Bramhill 1997) , and chloroplast FtsZ rings are expected to resemble those of bacteria. The sequence of the ftsZ gene encoding the Lilium FtsZ protein is highly similar to the sequence of FtsZ2 in Arabidopsis (Mori et al. 2001b) . Using immuno-electron microscopy, Mori et al. (2001b) showed that FtsZ proteins form the rings in stromal regions beneath the inner envelope at the constriction sites. However, they did not determine whether the FtsZ rings correspond to the inner PD ring. Thus, it is possible that FtsZ 1 and FtsZ2 are co-localized at the inner stromal site before and after initiation of constriction. In our experiments, the behavior of the FtsZ ring differed from that of the PD rings both in the timing of their formation and in the manner of constriction (Figs. 1-3 ). We previously reported through immuno-electron microscopy that FtsZ proteins were localized at the stromal region at the sites of constriction in dividing chloroplasts but not in the outer PD ring . Together, these results indicate that the FtsZ ring does not correspond to the PD ring.
The function of the FtsZ rings and the PD rings FtsZ rings form at swollen regions before the initiation of chloroplast division in pleomorphic chloroplasts, which divide by multiple fission, and the rings persist at the constriction sites during division. The FtsZ rings seem to induce the formation of the PD rings. Since levels of both FtsZ proteins in the ring and inner PD ring components decrease during contraction at the site of division (Miyagishima et al. 2001b) , both rings must work in concert to promote chloroplast constriction. 
